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Compounds that co-chromatographed with trans-zeatin, its nucleotide, iso-pentenyladenine, and iso-
pentenyladenosine were detected following the application of [8-14Cjadenosine-5'-monophosphate to three-
day-old maize embryos for eight hours. The incorporation into the compound(s) co-chromatographing with 
zeatin was 0.4% and with iso-pentenyladenine and its riboside 0.1 %. The radioactive compound(s) 
associated with zeatin nucleotide was(were) only partly hydrolysed by alkaline phosphatase, and completely 
hydrolysed by HCI-treatment, indicating that this peak of radioactivity represented more than one compound. 
The present results suggest that consideration should be given to the existence of a different route for 
cytokinin biosynthesis than that currently generally accepted in the literature. 
Verbindings wat met trans-zeatien, sy nukleotied, iso-pentenieladenien, en iso-pentenieladenosien ge-
kochromatografeer het, is waargeneem nadat [8-14C]adenosien-5'-monofosfaat vir agt ure aan drie-dag-oue 
mielie-embrios toegedien is. Die inkorporasie in die verbinding(s) wat met zeatin gekochromatografeer het, 
was 0.4%. Vir iso-pentenieladenien en sy ribosiel was dit 0.1 %. Die radioaktiewe verbinding(s) wat met 
zeatien-nukleotied geassosieer was, is slegs gedeeltelik deur alkaliese fosfatase gehidrolise~r. Dit is 
heeltemaal deur HCI-behandeling gehidroliseer. Aanduidings is dus dat hierdie radioaktiewe piek meer as 
een verbinding verteenwoordig . Die resultate dui daarop dat aandag gegee moet word aan die moontlike 
bestaan van 'n ander roete vir sitokinien-biosintese as die een wat algemeen in die literatuur aanvaar word. 
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Introduction 
It is generally accepted that adenine acts as a precursor for 
the biosynthesis of cytokinins. While some feeding experi-
ments with e4 C] adenine support this hypothesis (Dickinson 
et al. 1986; Nandi et al. 1988; Hocart & Letham 1990), 
others do not (Van Staden & Choveaux 1981; Van Staden & 
Forsyth 1986; Van Staden & Vos 1989). The negative 
results could be due to the extraction and analytical pro-
cedures used; the use of insufficient radioactive e4C]-
adenine, particularly as adenine plays a central role in plant 
metabolism and could thus either be degraded and/or shunt-
ed into a multiple of pathways, of which cytokinin biosyn-
thesis forms only a very small part; the material may vary in 
its response, as was the case where Vinca rosea crown-gall 
callus incorporated e4C] ADE whereas callus from non-
infected stem material did not (Stuchbury et al. 1979; Palni 
et al. 1983); or ADE may not act as the primary acceptor 
molecule for the iso-pentenyl group (Taya et al. 1978). 
While not excluding other possibilities of side-chain attach-
ment to the ~-purine moiety, Letham and Palni (1983) 
suggested that the simplest pathway involved the conversion 
of ADE to AMP, which is then converted to the nucleotide 
of iso-pentenyladenine, ([9R-MP] iP) . This is subsequently 
hydroxylated to zeatin nucleotide ([9R-MP] Z). In this way, 
both the iP-type and Z-type cytokinins would be formed, as 
these nucleotides can subsequently be metabolized to 
nucleosides and free bases which themselves are then open 
to metabolism to other cytokinin derivatives. Recently 
Einset (1991) reported that the biosynthetic process in 
Actinidia involves the conversion of AMP to the nucleotide 
of iso-pentenyladenine, ([9R-MP] iP), and the production of 
iso-pentenyladenine (iP) which is then converted by 
hydroxylation to Z. This sequence of iP production is as 
proposed by Taya et al. (1978). This would mean that zeatin 
is derived in a different way to that proposed by Letham and 
Palni (1983). Hocart and Letham (1990) reported the incor-
poration of e4C] adenine (0.00038%) into the nucleotide of 
zeatin in germinating maize embryos. No evidence was 
found for the presence of the important postulated inter-
mediate [9R-MP] iP. Using pea seeds, Van Staden and 
Drewes (1993) reported the incorporation of e4C] adenine 
into a compound which co-chromatographed with trans-
zeatin. No iP-type intermediates were detected, nor was any 
radioactivity associated with the retention time of the 
nucleotide of zeatin, [9R-MP] Z. It was suggested that 
greater consideration should be given to the possible 
existence of more than one route of side-chain incorpora-
tion. In the reviews of both Letham and Palni (1983) and 
Einset (1991), it was suggested that AMP is an important 
intermediate in the biosynthetic step. It may well be that 
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more conclusive results could be obtained by using this 
compound in labelling experiments rather than using label-
led ADE, particularly if ADE must first be converted to 
AMP which is then subject to rapid incorporation. In this 
paper we report on the incorporation of e4 C] AMP into cyto-
kinin-like compounds in germinating maize embryos. 
Materials and Methods 
Kernels of Zea mays L. (cv. Hickory King) were surface-
sterilized with sodium hypochlorite, rinsed thoroughly in 
sterile water and incubated in Petri dishes at 25°C in the 
dark. After 3 days, germinated kernels of uniform size (with 
respect to radicle length) were selected and the embryos 
dissected (2.0 g fresh weight) and placed in 4 ml aqueous 
solution contammg [8_14C] adenosine-5 ' -monophosphate 
(1.85 MBq). The radionuclide was obtained from Amersham 
International and had a specific activity of 2.16 GBq 
mmorl. The embryos were incubated in 25-ml Erlenmeyer 
flasks at 25°C in the dark for 8 h. At the end of incubation, 
the combined incubation medium and embryos were flash-
frozen in liquid nitrogen and the embryos ground in 80% 
ethanol in a glass homogenizer. The whole extract was 
passed successively through 0.45- and 0.2-J.Lm DynaGard 
filters and then taken to dryness at 25°C in a vacuum 
centrifuge. The sample was finally resuspended in 500 J.LI 
HPLC grade methanol and immediately fractionated using 
semi-preparative HPLC as described below. Using this 
simple extraction technique which does not require solvent 
partitioning or enzymatic treatment, and during which 
nucleotide breakdown is minimized (Turner et al. 1985; 
Crouch & Van Staden 1992), the total cytokinin comple-
ment was retained in a single extract for analysis. 
The total extract (500 J.Ll) was fractionated by HPLC 
using the technique outlined by Lee et al. (1985). A 
Hypersil 5 ODS semi-preparative column (C I8 , 5 J.Lm, 250 
X 10 mm i.d.), fitted to a Varian 5000 instrument, was used 
at a flow rate of 3 ml min-I. Separation was achieved using 
an aqueous buffer of 0.2M acetic acid adjusted to pH 3.5 
with triethylamine against a linear gradient of methanol (5 -
50%) over 90 min. Three-millilitre fractions were collected 
and a 200-J.Ll aliquot of each transferred to a scintillation 
vial, 4 ml Ready Solv EP was added to each scintillation 
vial, and these then counted in a Beckman DB 3800 in-
strument. 
Additional information concerning the chemical nature of 
the compounds associated with various radioactive peaks 
was obtained by treating aliquots of peaks, as indicated in 
the figures, with KMn04 and alkaline phosphatase (Miller 
1965) prior to re-separation by analytical HPLC (see 
below); and/or taking aliquots of the radioactive peaks 
detected and fractionating them by TLC before and after 
HCl hydrolysis (1 N for 30 min at 100°C). For TLC, 
radioactive material and authentic standards were spotted 
onto Merck silica gel 60 F254 plates and these separated 
using the upper phase of n-butanol:N~OH:water (6: 1:2 
v/v). The chromatograms were divided into 10 equal frac-
tions based on Rf, the silica gel removed from the glass 
backing into vials, I ml methanol and 4 ml Ready Solv EP 
added to each vial, whereafter they were counted for radio-
activity. Aliquots of certain radioactive peaks obtained as a 
result of semi-preparative HPLC and which had similar 
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retention times to authentic cytokinin standards, were 
fractionated on an analytical column (Supelcosil LC-18-DB, 
C18 , 5 J.Lm, 250 X 4.6 mm i.d.) at a flow rate of 1 ml min-I . 
Ready Solv EP scintillation fluor was added to each fraction 
collected, which was then counted for radioactivity. Control, 
KMn04, HCl and alkaline phosphatase-treated (Miller 1965) 
samples were subjected to this fractionation which gave 
good resolution of authentic standards. 
Results 
Following semi-preparative HPLC, most of the recovered 
radioactivity was associated with relatively polar com-
pounds and eluted off the column before 25 min (Figure 
1A). This was prior to the elution volumes of the authentic 
cytokinins. Small aliquots from five of the peaks detected 
(indicated 1 - 5) were subjected to analytical TLC. Peak 1 
(retention time 5 min) had 22% of the recovered radioactivi-
ty associated with it. After TLC, most of the radioactivity 
co-chromatographed with HYP (Figure 1B). A considerable 
amount of radioactivity remained at the origin, as did some 
of the nucleotides of adenine. Peak 2 (7 min) yielded two 
peaks after TLC which co-chromatographed with HYP and 
ADE (Figure 1C). The radioactivity associated with ADE 
(Peak 3) co-chroma to graphed with ADE after TLC (Figure 
1D). Very little (2.5%) radioactivity was found coincident 
with the retention time of AMP (peak 4, 12 min). After TLC 
this radioactivity co-chromatographed with AMP (results 
not shown). Peak 5 (21 - 22 min) again co-chromatographed 
with ADO after TLC (Figure IE). Peaks 6, 7 and 8 were the 
only peaks that occurred at retention times coincident with 
authentic cytokinin standards. Peak 6 yielded radioactivity 
(0.3%) which co-chromatographed with [9R-MP] Z. When 
subjected to TLC, 24.2% of the radioactivity associated with 
this peak again co-chromatographed with [9R-MP] Z (Figure 
IF). Following fractionation of an aliquot of this peak on an 
analytical HPLC column, 47% of the recovered radioactivity 
again was associated with the retention time of [9R-MP] Z 
(Figure 2). There apparently was some breakdown during 
handling, as radioactivity was also found at early retention 
times. After HCI treatment, only 4.5% of the radioactivity 
was still associated with the retention time of zeatin 
nucleotide. Alkaline phosphatase did not result in a 
complete shift of radioactivity, as 36% of the radioactivity 
remained at its original retention time. These results, 
together with those obtained by TLC (Figure IF), therefore 
suggest that if present, [9R-MP] Z comprised only a pro-
portion of the radioactivity associated with peak 6. Peak 7 
(0.4% of the total recovered radioactivity) had a similar 
retention time as trans-zeatin (Figure 1A). After analytical 
HPLC fractionation, 52% of the radioactivity associated 
with this peak co-eluted with Z. After KMn04 treatment, 
this was reduced to 4.7% (Figure 3), suggesting that a 
double bond was present in the radioactive compound. A 
small amount (0.1%) of the recovered radioactivity was 
detected at the retention times of iP and [9R] iP (peak 8, 
Figure lA). After fractionation by analytical HPLC, the 
recovered radioactivity again co-chromatographed with iP 
and [9R] iP. More radioactivity was associated with iP than 
with [9R] iP. 
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Figure 1 Radioactivity detected in a maize embryo extract obtained after 8 h of incubation with [8_14C] adenosine-5 ' -monophosphate. 
The whole extract was fractionated by semi-preparative HPLC and an aliquot of 200 fl.l from each 3-ml sample was collected and 
assayed for radioactivity. The positions of authentic standards are indicated. as is the percentage of radioactivity that was associated with 
relevant peaks (A). Inserts B - F represent TLC separations of aliquots of the peaks of radioactivity as indicated by arrows. 
Discussion 
One of the major problems with respect to the elucidation of 
the cytokinin biosynthetic pathway is that the proposed 
primary precursor, adenine, plays a central role in plant 
metabolism, with the result that very little incorporation 
would occur into the cytokinins which are naturally found in 
plant material in small amounts . Most studies have used 
[8_14C] ADEas precursor. Both Letham and Palni (1983) and 
Einset (1991) suggested that incorporation occurs via AMP 
which is formed from the applied ADE. Hocart and Letham 
(1990) suggested that [9R-MP] Z is the cytokinin into which 
the radioactivity is incorporated in germinating maize 
embryos. This provides support for the route ADE ..... AMP 
..... [9R-MP] iP ..... [9R-MP] Z outlined by Letham and Palni 
(1983). However, no evidence for the occurrence of 
[9R-MP] iP, its free base or riboside. was presented. Follow-
ing feeding experiments using iP, Einset (1984, 1986) 
reported the conversion of iP to Z and then proposed the 
pathway AMP ..... [9R-MP] iP ..... iP ..... Z (Einset 1991). 
Whether the results of Einset (1984) can be used in support 
of a biosynthetic route is debatable, as the results may 
represent metabolism rather than biosynthesis. However, 
some of the intermediates in biosynthesis may well be 
common to both processes . In our opinion, the use of iP 
(Einset 1984) rather than ADE or AMP as precursor does 
not contribute to a better understanding of cytokinin 
biosynthesis in plants, particularly as to the actual acceptor 
of the iso-pentenyl group. 
In a recent study using ADE and developing pea seeds 
(Van Staden & Drewes 1993), evidence was found for its 
incorporation into a Z-like compound. This contrasts with 
the reported incorporation into [9R-MP] Z in germinating 
maize embryos (Hoc art & Letham 1990). In neither of these 
studies was the postulated intermediate, [9R-MP] iP, its free 
base or nucleoside detected. This would suggest that iso-
pentenyl attachment to adenine may occur. A question 
which remains unsolved is whether Z is converted to 
[9R-MP] Z subsequent to Z formation. Einset (1991) favour-
ed such a conversion (Z to [9R-MP] Z). This seems to occur 
readily when free bases are applied to plant material (palmer 
et al. 1981). By feeding [8_14C] AMP to germinating maize 
embryos we found some radioactivity associated with 
[9R-MP] Z, z, [9R] iP and iP, but not with [9R-MP] iP. 
The radioactivity associated with [9R-MP] Z was not hydro-
lysed completely by alkaline phosphatase treatment, and 
while some data favour the presence of this compound, in-
sufficient quantities were recovered to do more exhaustive 
tests. We did find radioactivity associated with iP and 
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Figure 2 Radioactivity detected in aliquots of peak 6 after fractionation by analytical HPLC. This peak co-chromatographed with 
[9R-MP] Z following semi-preparative HPLC (Figure 1A). Untreated (-----) , HCl-hydrolysed (0' . 0) and alkaline phosphatase-treated 
(. - -.) aliquot.~ were fractionated . 
• Untreated 
4 
o KMn04 -treated tZ 
0-
ro 
>-!= 
> 2 i= 
u 
« 
0 
0 
« 
0: 
0 
0 10 20 30 40 50 60 
RETENTION TIME min 
Figure 3 Radioactivity detected in aliquots of peak 7 after fractionation by analytical HPLC. This peak co-chromatographed with 
trans-zeatin following semi-preparative HPLC (Figure 1A). Untreated (-----) and KMn04 -treated (0' . 0) aliquots were fractionated. 
[9R] iP. The presence of small amounts of iP supports the 
pathway proposed by Einset (1991), namely that Z is formed 
from iP rather than from [9R-MP] iP. Alternatively, as radio-
activity was not associated with the nucleotide, conversion 
of iP to [9R] iP could have occurred, particularly if iP was 
one of the first products formed. Ribosylation is frequently a 
principal metabolic step in plant systems (Hofman et al. 
1986; Van Staden & Bosse 1989; Blakesley et al. 1991). 
Using the techniques outlined and AMP as precursor, we 
now have some evidence that iP and Z are formed in germi-
nating maize embryos. We found no conclusive evidence 
that cytokinin nucleotides act as intermediates in the biosyn-
thesis of these compounds. A decision on this is made diffi-
cult by the fact that cytokinin nucleotides are important 
metabolites when free cytokinin bases are applied to plant 
material (Letham & Palni 1983). 
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